[1] We have run kinetic ring current simulations with different plasma boundary conditions, but preserving a constant plasma pressure, during a ''test'' time interval conducive to a storm. Although the energy density of the injected plasma is kept constant, the resulting proton ring current energy is significantly increased as the injected plasma is colder and denser. Investigation of the separate effects of density and temperature shows that (1) ring current strength is primarily controlled by density, and that (2) colder plasma leads to a ring current peak closer to Earth and to midnight, but density has no effect. While cold plasma may convect deeper inside the ring current region, hotter plasma is more subject to magnetic drifts and quickly drifts toward dusk with lower energization. These results support the idea that the presence of cold and dense plasma in the magnetotail may lead to increased ring current during an ensuing storm. Citation: Lavraud, B., and V. K. Jordanova (2007) , Modeling the effects of cold-dense and hot-tenuous plasma sheet on proton ring current energy and peak location, Geophys. Res. Lett., 34, L02102, doi:10.1029/2006GL027566.
Introduction
[2] Previous studies have shown that the plasma sheet is an important source for the ring current and that knowledge of its characteristics is particularly critical when used as boundary conditions in various ring current models [e.g., Borovsky et al., 1998; Jordanova et al., 1998; Kozyra et al., 1998; Thomsen et al., 1998; Ebihara and Ejiri, 2000] . Boundary conditions are often taken from measurements at geosynchronous orbit, as this location is filled with a wealth of spacecraft providing plasma measurements (e.g., Los Alamos plasma analyzers). Measurements at geosynchronous orbit have shown that plasma populations observed there can have a wide range of properties [e.g., Korth et al., 1999] , with typical densities in the midnight region varying in the range 0.4 -2 cm
À3
, and an average density of 0.7 cm À3 [Borovsky et al., 1997] .
[3] The variations in plasma sheet temperature and density are often anti-correlated. It has been shown that the plasma sheet becomes significantly colder and denser during times of extended northward interplanetary magnetic field (IMF) [cf. Terasawa et al., 1997; Fujimoto et al., 1998 ]. Thomsen et al. [2003] later showed that unusually dense and cold plasma can have access to the inner magnetosphere through geosynchronous orbit (see also Lavraud et al. [2005] ), following intervals of northward IMF, as the result of either (1) a magnetospheric convection enhancement resulting from a southward turning of the IMF, or (2) a large-scale magnetospheric compression following from a solar wind dynamic pressure increase. These observations were interpreted as the result of the inward transport of the cold-dense plasma sheet (CDPS) (as named by Fujimoto et al. [1998] ) formed in the magnetospheric tail under northward IMF.
[4] Thomsen et al. [2003] and Borovsky and Steinberg [2006] in turn suggested that the formation of a CDPS may lead to enhanced ring current strength during ensuing storms. This possibility has been interpreted as a preconditioning mechanism and was given some first observational evidence by Lavraud et al. [2006] . Modeling efforts have demonstrated the importance of the plasma sheet density for ensuing ring current strength Kozyra et al., 1998; Ebihara and Ejiri, 2000; Ebihara et al., 2005] , but the effects of plasma sheet temperature have received much less attention [Ebihara and Ejiri, 2000] (further discussed in section 4). Since the ring current results from pressure gradients in the near-Earth regions, it is still to be demonstrated whether cold-dense plasma may lead to a stronger ring current than hot-tenuous plasma for a constant pressure of the source plasma sheet population. This is the goal of the present study, together with a more general investigation of the separate effects of plasma sheet density and temperature on both proton ring current strength and peak location.
Modeling

Kinetic RAM Model
[5] We use the kinetic drift-loss ring current-atmospheric model (RAM) developed by Jordanova et al. [1996] (see also Jordanova and Miyoshi [2005] ). The reader is referred to these references as only a brief overview is given here. The model follows the temporal evolution of charged particle distribution functions (in the present case solely for protons) in the equatorial plane of the magnetosphere by solving the bounce-averaged kinetic equation of motion (cf. references above). For the present study, we use loss terms which incorporate charge exchange, Coulomb collision, and ion precipitation processes. The model under consideration extends over radial distances from 2.5 to 6.5 R E , over all 24 hours local time, particle kinetic energy from 20 eV to 900 keV, and equatorial pitch angles from 0°to 90°. Ion atmospheric absorption is taken to occur at 200 km. Additional losses occur as particles drift toward the outer boundary (mostly dayside) of the simulation; particles flowing outward through the simulation boundary are assimilated as losses to the magnetopause.
[6] We use a magnetospheric electric field derived from the semi-empirical Volland-Stern convection potential [Volland, 1973; Stern, 1975] , in addition to the corotation electric field. The model is run in a 3-dimensional dipole magnetic field. Those two simplistic models are used here because the main focus of this paper is on the effects of the boundary conditions rather than on the detailed effects of various magnetic or electric field models. Finally, proton populations are taken to be isotropic, and the discussion of pitch angle influence is left aside.
Initial and Boundary Conditions
[7] The initial plasma conditions (i.e., energy densities) in the simulation box are taken to be non-zero but very low (as representative of quiet time), so that they do not significantly affect the subsequent development of the ring current. The time-dependent (with Kp) plasmaspheric model of Rasmussen et al. [1993] is used to compute the plasmaspheric densities, which are involved in Coulomb collisions between ring-current protons and the thermal plasmasphere. As shown in the work of Jordanova et al. [1998] , charge exchange losses are the most prominent for the ring current. Charge exchange losses come from interaction with the neutrals of the geocorona, which is taken into account by use of the model of Rairden et al. [1986] .
[8] The Volland-Stern electric field model is made timedependent by its dependence upon the Kp index [Maynard and Chen, 1975] . The time series of the Kp index used for all runs in the present study is given in Figure 1c . It is gradually raised from 1 to 6 a few hours after the start of computation. The plasma boundary conditions from 0 to 2 hours (simulation time of Figure 1 ) are taken to be characterized by protons only, with a density of 0.2 cm À3 and a temperature of 10 keV, at all local times. A Maxwellian distribution is assumed to determine the proton fluxes in each energy range for the simulation. Two hours after the start of the simulation and thereafter, the boundary conditions are changed in the midnight region, in the local time range 22 -2 LT. For the results shown in Figure 1 , the densities and temperatures used in the midnight area are listed in Table 1 for each different run, labeled 1 through 4. As can be seen from the second column, the plasma pressure is kept constant while the density is varied between 0.8 and 2.0 cm
À3
. Corresponding temperatures range from 4 to 10 keV.
Results
Total Ring Current Energy, Gain and Losses for Constant Pressure
[9] The simulation results of Figures 1a, 1b , and 1c, using the boundary conditions of Table 1 (also see section 2.1), show the temporal evolution of the energy gain of the proton ring current (in keV/hour), the total energy of the proton ring current (in keV), and the profile used for the Kp index, respectively (see Figure 1 caption for further details). The total energy of the ring current is the integrated energy, over all energies and pitch-angles, of all particles in the simulation box, which is taken to be representative of the ring current region. The total energy of the ring current is directly related to the widely used Dst index [Dessler and Parker, 1959] .
[10] From those temporal results, it can be seen that no energy gain is observed between 2 and 4 hours. For all four cases, the ring current begins to gain energy at 4 h when magnetospheric convection starts to increase. The energy gain of the ring current increases until 8 to 10 h, after which time it decreases. This decrease after a few hours in the main phase of the simulated storms is the result of enhanced energy losses due to the loss processes included in the calculation (see section 2.1). Indeed, as the ring current gains energy through the adiabatic energization of protons (convected closer to Earth), more energy and particles may be lost through those various mechanisms (including losses to the dayside boundary). The energy gain thus decreases and eventually the ring current tends to a steady state with particle injection/energization and losses balancing each The results from all four runs, with boundary plasma densities of 0.8, 1.2, 1.6, and 2.0 cm À3 (see Table 1 ), are shown with the black, purple, blue, and red curves in Figures 1a -1c , respectively. Jordanova et al., 1996 Jordanova et al., , 1998 ].
[11] The focus of the present study comes from the observation that the energy gain, and in turn the total energy of the ring current, rapidly becomes substantially larger for the case with a density of 2 cm À3 and a temperature of 4 keV (red lines) than for the hottest and most tenuous plasma condition (black lines). The total ring current energy is larger by a factor $2 at 18 h. Thus, although the energy density of the plasma injected at the simulation boundary is constant, colder and denser plasma leads to a stronger ring current. Figure 2 shows the spatial distributions (in local time and L-shell in the equatorial plane) of the proton ring current energy density at 18 h for the two extreme cases with N = 0.8 cm À3 (T = 10 keV) and N = 2 cm À3 (T = 4 keV). The fact that the proton ring current energy is larger for the coldest and densest plasma is obvious from this representation as well. In addition, we observe that the peak in ring current energy density is located slightly closer to Earth and to midnight in the case of cold and dense plasma. We further investigate this observation in the next section.
Separate Effects of Density and Temperature on Ring Current Energy and Peak Location
[12] Figure 3 shows the results from additional simulations, using the same setup as previously, but for three different densities (1.0, 1.6, and 2.2 cm À3 , respectively in black, blue, and red) and a range of temperatures (from 3 to 28 keV), at 18 h.
[13] Figure 3a shows that density is a major factor controlling the total ring current energy, but the temperature also has an impact. A peak in total ring current energy is found for a temperature of 11 keV and is independent of the density. Figures 3b and 3c show that the temperature has an influence on both the local time and radial location of the peak ring current energy density, while the density has no effect on ring current peak location. For the range of temperature 5 -15 keV, the ring current peak location varies by $1 h in local time and $1 R E in distance from Earth, so that it is closer to Earth and to midnight for colder plasma boundary conditions.
Discussion and Conclusions
[14] We have investigated the effects of cold-dense and hot-tenuous plasma sheet on the development of the ring current for constant plasma pressure. We have further investigated the separate effects of the density and temperature on both the total ring current energy and its peak location. This study is not meant to be a realistic representation of a given magnetic storm (unlike other studies, see introduction), but represents a parametric study highlighting the typical response of the ring current to idealized source plasma sheet characteristics.
[15] Ebihara and Ejiri [2000] studied the effects of plasma sheet density on proton ring current strength using kinetic simulations. Compatible with observations ] and other models (see introduction), they found that larger densities lead to stronger ring current. They also investigated the effect of the plasma sheet temperature on the ring current strength for constant density. They found a maximum ring current strength for a temperature of 5 keV using their kinetic simulation with an outer boundary at $9 R E . However, they concluded that the ring current build-up during a storm is almost insensitive to the plasma sheet temperature. Ebihara and Fok [2004] studied the influence of density and temperature on the ring current peak location in the tens-of-keV proton energy range and found no important effect.
[16] Those earlier studies focused on those parameters for a limited number of values and specific proton energies. The present study investigated a wider range of values with a different kinetic ring current model, and we found that (1) the paramount parameter for ring current strength is indeed the plasma sheet density, (2) the temperature is also important with a maximum effectiveness at 11 keV (independent of density), and this difference with the work of Ebihara and Ejiri [2000] can be primarily attributed to adiabatic heating between their code's outer boundary at $9 R E and geosynchronous orbit, (3) the plasma sheet temperature influences the ring current peak location, being closer to Earth and to midnight for colder plasma, but (4) the density has no effect on the peak location.
[17] The differences in proton ring current behavior noted above may be explained by the varying influence of magnetic (gradient and curvature) and electric (convection) drifts. Complex trajectories arise in the inner magnetosphere, when coupling the effect of corotation and variable convection electric field strength, for protons of different energies [e.g., Korth and Thomsen, 2001] . In the simplest terms, for colder proton populations, the relative number of high energy protons is smaller and that of low energy protons is larger, so that a smaller number of protons rapidly drift duskward (magnetic drift) and may be lost from the ring current region, while more protons are convected (electric drift) closer to Earth and substantially energized through adiabatic heating in the increasing magnetic field and shortening field lines (betatron and Fermi acceleration).
[18] It is important to note that the current modeling results do not include self-consistent electric field [Garner, 2003; Ebihara et al., 2005] and magnetic field [Zaharia et al., 2006] calculations. It is expected that non-linear effects resulting from their inclusion would lower the effects reported in the present study, as a result, for example, of a shielding of magnetospheric convection for colder and denser plasma [e.g., Garner, 2003; Ebihara et al., 2005] . The relative location of the ring current peak revealed here also highlights the necessity to investigate the effects of self-consistent magnetic field calculations [Zaharia et al., 2006] , since the magnetotail stretching morphology will depend on that of the ring current.
[19] The present results show that cold plasma (i.e., below 11 keV) at geosynchronous orbit is not the most geo-effective. However, the importance of the plasma sheet temperature in the context of proton ring current strength also comes from the fact that the plasma sheet is typically either hot and tenuous or cold and dense, depending in particular on the IMF conditions (northward IMF leads to cold-dense plasma sheet). The present modeling results show that a cold and dense plasma sheet leads to a substantially larger proton ring current energy, for a constant plasma pressure. Thus, storms preceded by long intervals of northward IMF, during which a cold-dense plasma sheet may form in the tail, ought to be characterized by a stronger ring current than those not preceded by northward IMF. A recent observational study of CMEand CIR-driven storms by Lavraud et al. [2006] tends to support this possibility. Figure 3 . Additional simulation results using the same setup as for Figure 1 , but for three different densities (1.0, 1.6, and 2.2 cm À3 , respectively in black, blue, and red) and for a range of temperatures (from 3 to 28 keV) at simulation time 18 h. (a) The total energy of the ring current, (b) the local time of the peak energy density (from a Gaussian fit in local time), and (c) the radial distance of the peak energy density, as a function of the temperature. The diamonds in Figure 3a show the peak in the total energy for each density.
